A major developmental role of peripheral glia is to mediate sensory axon guidance; however, it is not known whether sensory neurons influence peripheral glial development. To determine whether glia and neurons reciprocally interact during embryonic development, we ablated each cell type by overexpressing the apoptosis gene, grim, and observed the effects on peripheral nervous system (PNS) development. When neurons are ablated, glial defects occur as a secondary effect, and vice versa. Therefore glia and neurons are codependent during embryogenesis. To further explore glial-neuronal interactions, we genetically disrupted glial migration or differentiation and observed the secondary effects on sensory neuron development. Glial migration and ensheathment of PNS axons was blocked by overexpression of activated Rho GTPase, a regulator of actin dynamics. Here, sensory axons extended to the CNS without exhibiting gross pathfinding errors. In contrast, disrupting differentiation by expression of dominant-negative Ras GTPase in glia resulted in major sensory axon pathfinding errors, similar to those seen in glial ablations. Glial overexpression of transgenic components of the epidermal growth factor receptor (EGFR) signaling pathway yielded similar sensory neuron defects and also downregulated the expression of the glial marker Neuroglian. Mutant analysis also suggested that the EGFR ligands Spitz and Vein play roles in peripheral glial development. The observations support a model in which glia express genes necessary for sensory neuron development, and these genes are potentially under the control of the EGFR/Ras signaling pathway.
Introduction
Glial cells are important mediators of sensory neuron development in Drosophila (for review, see Auld, 1999; Pielage and Klämbt, 2001 ). For example, in the peripheral nervous system (PNS), glial cells help guide sensory axons into the CNS (Sepp et al., 2001) . Reciprocally, PNS glia require neurons for their development, because glia at later stages use axon tracts to migrate to their final positions along the peripheral nerves (Giangrande, 1994; Reddy and Rodrigues, 1999b; Sepp et al., 2000) .
Insight into the signals involved in Drosophila neuron-glia interactions has come from studies in the CNS. Drosophila epidermal growth factor receptor (EGFR) signaling is a key mediator of CNS glial survival (Lanoue et al., 2000; Hidalgo et al., 2001; Bergmann et al., 2002) . For example, midline glia survival is dependent on physical contact with commissural neurons and mediated through the EGFR ligand Spitz (Sonnenfeld and Jacobs, 1995; Lanoue et al., 2000; Bergmann et al., 2002) . Similarly, longitudinal glia in the CNS require EGF receptor signaling through the Neuregulin-like ligand Vein for survival (Hidalgo et al., 2001) . Conversely, glia help maintain CNS neuronal survival (Booth et al., 2000) , and later in larval stages CNS glia have also been shown to control the proliferation of neuroblasts (Ebens et al., 1993) .
The glia of the PNS in Drosophila have a significant number of differences from their CNS counterparts. Peripheral glia migrate over substantially larger distances than CNS glia. They are also molecularly distinct because they express proteins not expressed by CNS glia, such as Gliotactin (Auld et al., 1995) . Furthermore, they do not undergo any natural cell death during embryogenesis (Sepp et al., 2000) . Given these differences, do peripheral glia and neurons reciprocally interact to promote long distance cell migration, and how might this occur?
Both axon misguidance and sensory neuronal loss can be caused by ablation of peripheral glia or disruption of early glial differentiation (Reddy and Rodrigues, 1999a; Sepp et al., 2001) . Thus sensory neurons depend on glial cells for major aspects of their development. Reciprocally, it is not known whether glial cells in Drosophila require sensory neurons for their development. In zebrafish embryos, however, it has recently been shown that PNS glia use the lateral line axon tracts as an essential migratory substrate (Gilmour et al., 2002) . In mutants in which the lateral line axon tracts were misplaced, the glial cells would be misrouted as a secondary consequence (Gilmour et al., 2002) . It is not known, however, whether peripheral glia are capable of migrating in the complete absence of neurons.
Here, we performed neuronal ablations to determine whether sensory neurons contribute to PNS glial development. We found that peripheral glial development is indeed dependent on sensory neurons. Interestingly, the embryonic phenotypes of neuronal ablation mirrored the effects of glial ablation, suggesting that a reciprocal interaction between PNS neurons and glia occurs. PNS glia-neuron interactions were further explored by disrupting Rho GTPase and EGFR/Ras signaling pathways. It was found that EGFR signaling mediates the differentiation of peripheral glia and potentially regulates the expression molecules involved in glia-neuron cross talk.
Materials and Methods
Fly strains and genetics. For glial and neuronal ablation, the repo-GAL4 (Sepp et al., 2001 ) and elav-GAL4 lines (Bloomington Stock Center) were crossed to a UAS-grim line (Wing et al., 2001 ) to generate repo::grim and elav::grim progeny, respectively. For ectopic expression of the GTPases presented in Figure 4 , the repo-GAL4 line carrying a UAS-Actin-GFP marker (Verkhusha et al., 1999 ) was crossed to UASRhoV14 (Fanto et al., 2000) and UAS-Ras1N17 (Lee et al., 1996) to generate repo::RhoV14 and repo::Ras1N17 progeny, respectively. For Ras pathway signaling analysis, repo-GAL4 flies were crossed to UAS-Ras1N17 (Lee et al., 1996) ,
UAS-Ras1
ACT (Lu et al., 1993) , UAS-Egfr DN (O'Keefe et al., 1997) , UAS-lambdaEGFR (Queenan et al., 1997) , and UAS-Yan ACT (Rebay and Rubin, 1995) ) (Schejter and Shilo, 1989) , spitz 1 (spi
A14
) (Nüsslein-Volhard et al., 1984) , pointed⌬ 88 (Scholz et al., 1993) , and vein L6 (Simcox et al., 1996) . Oregon R was the wild type. Embryos were raised at 25°C except for those carrying the actin-green fluorescent protein (GFP) marker, which were raised at 21°C.
Immunohistochemistry. Embryos were stained as reported previously (Halter et al., 1995) . Primary antibody concentrations were as follows: mouse monoclonal antibody (mAb) 22C10/anti-Futsch (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) at 1:2, mouse mAb 1B7 (Hall and Bieber, 1997) at 1:500, rabbit anti-Repo at 1:200 (Halter et al., 1995) , rabbit anti-Gliotactin at 1:400, rabbit anti-␤-galactosidase (Cappel, Aurora, OH) at 1:500, rabbit anti-GFP (AbCAM, Cambridge, UK) at 1:200, mouse anti-diphosphoERK (Sigma) at 1:300, and rabbit anti-HRP (Jackson ImmunoResearch, West Grove, PA) at 1:100. HRP reactions were done using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) according to manufacturer's instructions. The goat anti-rabbit alkaline phosphatase-conjugated secondary (Jackson ImmunoResearch) was used at 1:600. For immunofluorescence, the goat antimouse Alexa 568 and goat anti-rabbit Alexa 488 antibodies were used (Molecular Probes, Eugene, OR), and embryos were mounted in Vectashield (Vector Laboratories). Images were collected on a Bio-Rad Radiance Plus laser scanning confocal microscope. Confocal stacks were projected using ImageJ 1.24. Chemically labeled embryos were mounted in 90% glycerol in PBS and imaged on a Zeiss Axioskop fitted with a Sony Power HAD 3CCD color video camera. All digital images were compiled using Adobe Photoshop 5.5.
Results

Ablation of neurons in early development disrupts glia and vice versa
To determine whether peripheral glial cells require neurons during embryonic development, ablations of neurons and glia were performed. To ablate neurons, the elav-GAL4 line was used to drive expression of the apoptosis gene construct, UAS-grim (Wing et al., 2001) . The elav-GAL4 driver is expressed exclusively in all post-mitotic embryonic neurons (and not glia). The grim gene blocks the activity of Drosophila inhibitor of apoptosis protein (DIAP1) gene, which is required to prevent caspase activation causing apoptosis (Goyal et al., 2000) . The activity of the GAL4/UAS system (Brand and Perrimon, 1993 ) is heterogeneous from cell to cell (Lee and Luo, 1999; Sepp et al., 2001) ; thus the efficacy of cell death induction varied across different hemisegments (Fig. 1 B) . Ablation of neurons during embryogenesis had striking secondary effects on glial development. In elav::grim embryonic segments with the strongest ablation of neurons, there was a corresponding loss of Repo-positive glial cells (Fig. 1 A, B , compare arrows). Some glial nuclei with weak Repo immunoreactivity relative to other glia in less severely ablated segments were also observed (Fig. 1G) . As was expected, the heterogeneity in timing of cell ablation resulted in a mosaic, and thus we were unable to perform a quantitative analysis of these effects. Of all neuronal-ablated hemisegments, however, 69% showed some degree of loss of Repo-positive glia (n ϭ 236) compared with controls ( Fig. 1G-I ). This percentage is likely to be an underrepresentation because glial numbers in many hemisegments were ambiguous as a result of the disorganization and clumping of glial nuclei and were not scored. The greatest loss of Repopositive glia correlated with those segments that had the greatest degree of neuronal ablation (Fig. 1, compare G, I , H ). The absence of Repo-positive glia was not caused by migration of the peripheral glia into other regions of the nervous system or other focal planes because there was no corresponding increase in glia in the neighboring regions (Fig. 1 I) . The data suggest that peripheral glia require the presence of neurons for their development during embryogenesis.
Next, glial ablation was compared with neuronal ablation. Previous analysis has shown that peripheral glial ablation causes sensory axon guidance defects (Sepp et al., 2001) ; however, loss of Futsch-positive neurons was not characterized. All PNS glia were targeted for ablation using the repo-GAL4 driver to activate UASgrim (repo::grim). The repo-GAL4 line is specifically expressed in all post-mitotic PNS glia as well as subsets of CNS glia during embryogenesis stages 12-17 (Sepp et al., 2001 ). The repo-GAL4 line shows no activity in neurons. In embryos with strong glial ablation, only faded anti-Repo staining within the few remaining glial nuclei was observed (Fig. 1C, arrowheads) , similar to those seen in neuron-ablated embryos ( Fig. 1 B, arrowheads) . In the severely glial-ablated embryos, a striking loss of Futsch-positive sensory neuronal cell bodies in the PNS was observed (Fig. 1C-F , asterisk) . Again given the mosaic nature of the GAL4 system, a detailed quantitation of the phenotypes was not possible, but of all hemisegments in which glia were ablated, 77% showed some degree of loss of the Futsch-positive sensory neurons (n ϭ 153). The absence of Futsch-positive neurons was not caused by movement from their usual positions because no evidence of the neuronal cell bodies could be detected through multiple focal planes ( Fig. 1 D, E) . The absence of one or more of the chordotonal sensory organs was seen frequently (Fig. 1 D, F, asterisk) , and those sensory neurons that were present often had shortened or misrouted axons ( Fig. 1 D -F, arrows) . Therefore, sensory neurons require the presence of glial cells for their proper development during embryogenesis.
Late neuronal and glial cell death: effects on PNS patterning
The next aim was to determine whether reciprocal interactions of PNS neurons and glia occur during their migration-axon extension phases (stages 13-15). Embryos in which neurons were triggered into apoptosis during later development using elav::grim expression were analyzed. At the later stages, sensory neurons from the ventral, lateral, and dorsal clusters have arisen and extend axons over varying distances depending on their age. The late-apoptotic neuronal phenotypes were compared with lateapoptotic glial phenotypes in repo::grim embryos (stages 13-15). In elav::grim embryos in which many sensory neurons had survived to mid-neurodevelopment, we noticed severe axon pathfinding defects. Many axons appeared stalled ( Fig. 2 B, solid arrows), and some neurons showed no axogenesis at all (Fig. 2 B, D , concave arrowheads). Sensory axons also showed defects in the direction of their extension. Although in all hemisegments sensory axons always projected in an overall correct ventral direction, many sensory neurons strayed significantly off course ( Fig.  2 B , concave arrow). Some sensory axons misrouted such that they traversed over to their neighboring hemisegments (Fig. 2 D, concave arrow). Therefore, it appears that sensory neurons undergoing cell death during their axon extension phase have significant axogenesis and misguidance phenotypes.
The phenotypes of late neuronal-ablated embryos are remarkably similar to those of late glial-ablated embryos, which have been described in detail previously (Sepp et al., 2001) . Briefly, in glial-ablated repo::grim embryos, sensory neurons show axonal stalling (Fig. 2C , solid arrows), misrouting across segmental boundaries (Fig. 2C , concave arrows), as well as absolute failure of axogenesis (Fig. 2C , concave arrowheads).
Physical contact requirements for glial and sensory axon migration
Normally, peripheral glia migrate into the periphery in contact with axons (Sepp et al., 2000) . Because peripheral glia have never been observed to migrate without axonal contact, it has been hypothesized that they require axons as migrational substrates (Sepp et al., 2000) . By examining neuron-ablated embryos, the hypothesis could be investigated further. In elav::grim embryos, in which no axons connected between the dorsolateral region of the embryo to the CNS, peripheral glia remained within the ventral CNS-PNS transition zone (TZ) (Figs. 1 B, 2B, longer stemmed arrows). The observations support the hypothesis that peripheral glia require axon tracts for migration.
We next investigated whether sensory axons require direct physical contact with glia as they extend centrally. To do this, peripheral glia were prevented from extending cytoplasmic processes by expressing a constitutively activated form of the Rho1 GTPase (UAS-RhoV14 ) using the repo-GAL4 driver. Rho GTPase is involved in actin dynamics of migrating cells in many different tissues (for review, see Settleman, 2001 ). Overexpression of RhoV14 in glia prevented peripheral extension of cell processes (Fig. 3C ,D, glia in green, arrows). Furthermore, glial cell bodies remained stalled in the CNS-PNS transition zone. The distances between the glia and all sensory neuron birthplaces were many times greater than the length of growth cones or their filopodial show similar sensory axon extension and pathfinding defects. They include axon stalls (solid arrows), total failure of axogenesis (concave arrowheads), and gross misguidance errors that include axons pathfinding across segment boundaries (concave arrows). B, In cases in which no axons traverse the CNS-PNS transition zone in the ventral region, peripheral glial nuclei appear stalled in their birthplace (long arrows).
reach. This phenotype was observed in every hemisegment analyzed (n ϭ 196). Surprisingly, sensory axon pathfinding defects such as axons misrouting past intersegmental boundaries, or loss of Futsch-positive neurons, were never observed, in contrast to glialablated embryos. The only noticeable sensory axonal tract defect was defasciculation (Fig. 3C,D, arrowhead) , which was most likely caused by the absence of glial sheaths and is not a pathfinding error. Therefore, sensory axonal projection to the CNS is not dependent on continuous contact with the peripheral glia.
Disruption of glial Ras signaling leads to sensory axon migration defects
Currently there are few candidate molecules that could act as mediators of neuron-glia interactions in the PNS; however, evidence from the Drosophila CNS suggests that neuron-glia interactions occur through a number of receptor tyrosine kinases (RTKs) expressed by midline and longitudinal glia (Klämbt et al., 1992; Sonnenfeld and Jacobs, 1994; Scholz et al., 1997; Shishido et al., 1997; Hidalgo et al., 2001 ). Ras GTPase is activated by RTKs, and it has pleiotropic functions in the nervous system, including differentiation (Scholz et al., 1997) and trophic survival of CNS glia (Bergmann et al., 2002) .
To determine whether Ras1 signaling in peripheral glia mediates aspects of PNS glial interaction with sensory neurons, a dominant-negative variant of Ras1 (UAS-Ras1N17 ) was overexpressed in glia using the repo-GAL4 driver. As with overexpression of UAS-grim, the magnitude of effects that were observed in each hemisegment was variable. In repo::RasN17 embryos, glia were stalled (asterisks) but could extend cytoplasmic processes to a greater extent along the peripheral axons compared with repo::RhoV14 mutants (Fig. 3, compare B, C, D) . Strikingly, sensory axons in the repo::RasN17 embryos showed pathfinding defects more similar to glial-ablated repo::grim embryos than to repo::RhoV14 embryos (compare Figs. 2 B, 3B) . Sensory axons strayed well away from their normal direct trajectories to the CNS, and neuronal cell bodies were misplaced. There was also a variable loss of HRP-positive sensory neurons. Sensory axon pathfinding defects (not counting simple defasciculation) in repo::RasN17 embryos occurred in 23.4% of all hemisegments (n ϭ 166), compared with none in repo::Actin-GFP wild-type controls (n ϭ 108). Because altered Ras1 signaling in glia causes sensory axon migration defects, it is possible that Ras1 signaling affects the regulation of molecules important for glia-neuron interactions in the PNS.
Downregulation of EGFR signals in glia affects PNS neuronal development
Given the results above, the next aim was to test a candidate signaling pathway that could be involved in neuron-glia interaction via Ras1 signaling. Because Ras can be activated through different receptors, it was important to determine what receptors mediate peripheral glial Ras signaling. In other invertebrate glia, fibroblast growth factor receptors (FGFRs) mediate glial morphogenesis (Klämbt et al., 1992; Condron, 1999) ; however, neither of the two known FGFRs, Breathless and Heartless, has peripheral glial expression (Klämbt et al., 1992; Shishido et al., 1997) . On the other hand, the EGFR is broadly expressed throughout the embryo and also activates Ras1. Specificity of its activity is regulated through multiple ligands and modulating factors that are expressed in the neurons and glia of the PNS (Forjanic et al., 1997; Lanoue et al., 2000) .
To test whether EGFR tyrosine kinase signaling occurs endogenously within peripheral glia, we assayed peripheral glia for the presence of activated mitogen-activated protein (MAP) kinase. Antibodies to the diphosphorylated extracellular signal-related kinase (diphosphoERK) protein have been used previously to map cells that contain activated MAP kinase and thus reflect receptor tyrosine kinase activity during development (Gabay et al., 1997a,b) . We found that peripheral glia were positive for diphosphoERK, and thus receptor tyrosine kinase signaling pathway occurs in these cells during their development (Fig. 4) . Activated MAP kinase was seen in the peripheral glia as they migrate (Fig. 4B,C) and persisted to later stages (Fig. 4D ). In addition, activated MAP kinase was detected in the glia at the lateral edge of the CNS including the intersegmental glia and the exit glia (Fig. 4E) .
To test the function of EGFR signaling in peripheral glia, a dominant-negative form of the EGFR (repo::Egfr DN ) was overexpressed in glia, and the resultant effects on PNS development were observed. The phenotypes were compared with overexpression of the dominant-negative form of its downstream target, Ras1 (repo::Ras1N17 ), and overexpression of activated Yan (repo::Yan ACT ). Yan is an ETS transcription factor that is inactivated by EGFR signaling and is an inhibitor of differentiation in many cell types, including glia (Rebay and Rubin, 1995; Gabay et al., 1996) . It was expected that PNS glial downregulation of EGFR and Ras1, as well as overactivation of Yan, should generate similar nervous system phenotypes if EGFR signaling is important for PNS glial development.
As noted earlier, the activity of the GAL4/UAS system that was used to drive expression of the transgenic constructs was heterogeneous and generated a range of phenotypic severity between embryonic hemisegments as well as individual embryos. The penetrance and severity of the phenotypes increased depending on what temperature the embryos were raised at because GAL4 activity is increased at higher temperatures. Overall, the classes of phenotypes observed in repo::Egfr DN , repo::Ras1N17, and repo::Yan ACT mutants were similar. PNS patterning defects in embryonic hemisegments were observed at 52.1% (n ϭ 186), 47.8% (n ϭ 205), and 37.4% (n ϭ 163), respectively, at 25°C. In moderately affected hemisegments, sensory axon pathfinding errors were observed as well as incorrect fasciculation-bundling of nerves in the CNS-PNS transition zone (Fig. 5C, F, G) . In severely affected embryos, sensory axon pathfinding was highly erratic, and sensory neuron cell bodies were misplaced (Fig. 5 E, F,H ) . In some embryos, there was a clear loss of HRP-positive sensory neurons (Fig. 5 D, H ), but in general this particular phenotype was difficult to assess because of the overall disorganization of the PNS (Fig. 5F ). Motor neuron patterning was also disrupted in severely affected embryos (Fig. 5 D, F,H ) . Interestingly, glial expression of activated EGFR or activated Ras1 (repo::lambdaEgfr and repo::Ras1 ACT , respectively) did not cause any disruption of either peripheral glial or neuronal development compared with wild-type embryos (data not shown). Together, the data show that downregulation of EGFR signaling in glia causes secondary effects on neuronal development in the PNS.
Glial EGFR signals regulate Neuroglian expression
To determine whether the downregulation of EGFR signaling in glia disrupts glial differentiation, the expression of Neuroglian (Nrg) in glia expressing EGFR pathway mutants was monitored. Nrg is an L1-like Ig cell-adhesion molecule (Bieber et al., 1989) that is expressed by both PNS neurons and glia during embryonic neurodevelopment. Two isoforms of Nrg are expressed in the embryo. The mAb 1B7, which recognizes both isoforms, stains neurons, glia, epidermis, somatic musculature, tracheae, and gut (Hall and Bieber, 1997) . Nrg is an appropriate choice as a readout for EGFR-mediated glial differentiation, because it is expressed strongly in peripheral glia only in their mature axon ensheathment phase during late embryogenesis (Hall and Bieber, 1997; our unpublished data) .
To determine whether Nrg is downstream of EGFR signaling, the differential intensity of mAb 1B7 Nrg antibody labeling in peripheral glia versus the epidermis was analyzed in repo::Egfr DN , repo::Ras1N17, and repo::Yan ACT mutants using confocal microscopy. Confocal sections for each mutant were collected as one large stack, including the epidermis and the PNS, and then later separated to compare expression of Nrg in the nervous system compared with the epidermis alone. In the wild type, expression of Nrg in both the peripheral glia and epidermis is robust (Fig.  6 A, B , Nrg in green, HRP neuronal staining in red). In contrast, expression of Nrg in the PNS glia is reduced compared with epidermal Nrg levels in repo::Egfr DN , repo::Ras1N17, and repo::Yan ACT mutants (Fig. 6 C-H ). Sensory neuronal Nrg staining could be observed in most cases (Fig. 6C , E, G, concave arrows). As with the previous experiments, penetrance and severity of this phenotype increased with higher temperatures. It is unlikely that the weakened Nrg staining is caused simply by an absolute loss of peripheral glia, because the prevailing glial phenotype in these mutants was stalling (Fig. 3B ). If Nrg expression had been maintained, we would have expected concentrated Nrg staining in the CNS-PNS transition zone region (Fig. 6C , E, G, solid arrows) of the mutant embryos. Thus the data suggest that Nrg expression could be regulated by EGFR signals in peripheral glia and that EGFR signaling does mediate peripheral glial differentiation.
EGFR signaling regulates both PNS glial and neuronal development
To confirm that EGFR signaling plays an integral role in PNS development, loss-of-function mutations in EGFR pathway genes were analyzed. These included EGFR and its ligands Spitz (a TGF-␣ homolog) and Vein (a Neuregulin-like protein) and its downstream effector Pointed (an ETS transcription factor) (for review, see Perrimon and Perkins, 1997) . All of these genes belong to the "spitz group," which is involved in common developmental processes such as neurogenesis. For example, in the PNS, Egfr, spitz (spi), and pointed ( pnt) mutants have been shown previously to lack at least two of the five lateral chordotonal sensory organs in each hemisegment (Fig. 7 E, H,N , solid arrowheads) (Rutledge et al., 1992; Okabe and Okano, 1997; Rusten et al., 2001 ). In the current study, it was found that vein L6 (vn) homozygotes have a similar loss of lateral chordotonal neurons (Fig. 7J, arrowhead) . It was also noted that the Egfr F2 mutant had significant loss of Futsch-positive ventral cluster sensory neurons in all hemisegments and disorganization of the neurons that were present (Fig. 7 B, E, compare asterisks) . The sensory neurons of the EGFR pathway mutants showed other abnormal phenotypes that have not been characterized previously. In spi 1 homozygotes, dorsal cluster sensory axons projected incorrectly across segment boundaries (Fig. 7H, arrows) in 16% of hemisegments (n ϭ 88). In vn mutants, there was evidence of sensory axogenesis defectsgrowth cone stalling (Fig. 7K, solid arrow) . As well, in both vn and pnt⌬ 88 mutants, anterior and posterior sensory axon fascicles were spaced farther apart at the CNS-PNS TZ compared with the wild type (Fig. 7 B, K,N, compare concave arrows) . Abnormal separation of axon bundles in the TZ is associated with aberrant or absent peripheral glial wrapping (Sepp et al., 2001; Sepp and Auld, 2003) . The data show that EGFR signaling is important for sensory neuronal development not only during neurogenesis but also for the later axogenesis and growth cone pathfinding phase.
To further examine the importance of EGFR function in peripheral glia, the profile of Gliotactin expression was also analyzed in the selected mutants. Gliotactin is a late marker of glial differentiation (Fig.  7C, arrow, arrowheads) and is also expressed in the epidermis. There was no detectable expression of Gliotactin in the glia of Egfr, vn, and pnt homozygotes, although Gliotactin could be detected in the epidermis (Fig. 7C, F, L,O) . Interestingly, in spi 1 mutants, Gliotactin expression was robust in the glia, although the glial morphological profiles in spi mutants were not entirely normal. In cases in which dorsal cluster sensory axons had migrated incorrectly, the dorsolateral peripheral glia migrated along the aberrant axonal pathways (Fig.  7I, arrows) . Abnormalities in the peripheral glial sheaths were also observed in regions in which there were no apparent sensory axon defects (Fig. 7I, solid arrowhead) . Overall, the peripheral glia were essentially able to extend cytoplasmic processes in spi 1 mutants, and ventral peripheral glia were able to separate from the peripheral glia of the main axon tracts as in the wild type (Fig. 7C,I , compare concave arrowheads). Together with the transgene overexpression studies, the loss-offunction mutant data suggest that EGFR signaling is important for both glial and neuronal development in the PNS. Furthermore, the data support the hypothesis that EGFR signaling is potentially a mediator of PNS glia-neuron interactions.
Discussion
Through ablation studies, we have shown that reciprocal interactions occur between glia and sensory neurons. It was thought previously that peripheral glia guide sensory axon migration by acting as a passivepermissive migrational substrate. Surprisingly, blocking glial sheath extension by activated Rho does not significantly alter sensory axon pathfinding, but expression of dominant-negative Ras1 does. Therefore, glia are not simply passive substrates for axon extension. The observation that EGFR pathway downregulation in glia causes similar phenotypes to downregulation of Ras1 activity suggests that the EGFR pathway could be a key mechanism in glial development. This hypothesis was supported by the analysis of EGFR loss-of-function mutations. EGFR signaling in PNS glia is likely to be pleiotropic and could affect multiple aspects of PNS development, as discussed below.
Glial cells and neuronal axogenesis
When glial cells are ablated during early stages of neuronal growth, axons project at incorrect trajectories and show frequent stalling. Thus it is possible that PNS glia assist sensory neuronal axogenesis from early stages. This hypothesis is supported further by previous observations that PNS glia appear to stimulate the expression of Futsch, a microtubule-associated protein involved in axon extension (Klaes et al., 1994; Hummel et al., 2000) . Also, from analysis of the fly wing and sensory macrochaete on the notum, glia appear to guide the initial projection of sensory axons (Giangrande, 1994; Manning and Doe, 1999; Reddy and Rodrigues, 1999a,b) . Thus, glial guidance of sensory projections could be a general role for the growth of many different sensory structures.
What could the nature of a glialderived signal that promotes axogenesis be? It is possible that peripheral glia could act as either (1) a passive substrate for axon migration or (2) a source of molecules that attract and facilitate entry of sensory axons into the CNS. In support of the first possibility, during wild-type PNS development, sensory axons extend through a sleeve of peripheral glia sheaths (Sepp et al., 2000) . This could represent a situation in which the glia simply prevent neuronal growth cones from migrating on incorrect substrates. This hypothesis was tested by blocking the extension of glial sheaths by ectopic expression of active Rho GTPase. Because sensory axons migrated correctly, constant glial contact is not necessary for axon pathfinding. Thus it is more likely that peripheral glia provide a secreted cue(s) to guide sensory axons. The analysis of dominant-negative Ras1 expression in glia suggests that expression of the secreted cue could be transcriptionally controlled through Ras1 signaling. As well, the cue could serve a dual function as a trophic factor. In support of this was the reduction of Futsch-positive neurons and the pathfinding defects in repo::Ras1N17 mutants, which were qualitatively similar to elav::grim neuron-ablated mutants.
Ras signaling in glia and the EGFR pathway
As alluded to earlier, Ras signaling has pleiotropic effects, including cell proliferation, survival, and differentiation (for review, see Perrimon and Perkins, 1997) . Therefore, interpretation of Ras signaling downregulation is complex because effects of altered cell differentiation versus disrupted cell viability might not be separable. Potentially this is why the phenotypic effects observed in repo::EGFR DN , repo::Ras1N17, and repo::Yan ACT embryos were diverse.
The EGF receptor is the first receptor tyrosine kinase identified that has a major role in peripheral glial development. EGFR is broadly expressed, and tissuespecific effects of EGFR activation are generated by the binding of different ligands and modulators (Perrimon and Perkins, 1997) . Peripheral glia have strong expression of Star (Forjanic et al., 1997, their Fig.  5L ), which modifies the activity of the EGFR ligands Spitz (Forjanic et al., 1997) and Keren (Reich and Shilo, 2002) . Also, the EGFR downstream effector, Pointed P1, is expressed strongly in peripheral glia (Klämbt, 1993) . The EGFR ligand Vein is related to vertebrate Neuregulin and is expressed by a number of CNS neurons that extend axons into the PNS, including the anterior corner cell (aCC), RP2, and the VUMs (Lanoue et al., 2000; Hidalgo et al., Figure 6 . Glial Neuroglian expression is downregulated in EGFR pathway mutants. Embryos were labeled with mAb 1B7 (anti-Nrg, green) and anti-HRP (red). Confocal stacks of wild-type and mutant embryos were split and projected such that the nervous system and the epidermis are shown on the left-and right-hand columns, respectively. A, Wild-type mature embryo shows peripheral glial expression of Nrg (solid arrows) in a profile similar to that in Figure 3A . Nrg is also expressed by sensory neurons (arrowheads). B, The epidermis of wild-type embryos has strong Nrg staining around the circumference of the cells. 2001). Of interest to this work is that aCC contacts the peripheral glia during its early migration phase at a time when it is positive for Vein mRNA expression (Sepp et al., 2000) . Thus aCC or other Veinexpressing neurons could act as a potential source of a ligand for EGF receptor signaling in the peripheral glia, the majority of which arise at the lateral edge of the CNS. We have shown that activated MAP kinase is present in peripheral glia, and given that the peripheral glia have the necessary components to be regulated by EGFR, this suggests that EGF receptor signaling controls peripheral glia development.
Further support for EGFR signaling during peripheral glia development comes from our observation that downregulation of EGFR signals in the glia disrupted their differentiation as assayed by expression of Neuroglian and Gliotactin, two proteins known to be expressed in terminally differentiated glia (Auld et al., 1995; Hall and Bieber, 1997) . For instance, loss-offunction mutants in the EGF receptor (either dominant-negative EGFR or Egfr hypomorphic alleles) clearly resulted in a lack of Gliotactin expression. Similarly, pointed and vein mutants also resulted in a lack of Gliotactin expression. These results suggest that the EGF receptor and its ligand Vein play a critical role in the differentiation of peripheral glia. On the other hand, loss-of-function mutants in Spitz did not block Gliotactin expression. The peripheral glia were able to extend processes and separate from the main axon tract; however, the glial morphological profiles in spitz mutants were not completely normal, suggesting that Spitz plays a role albeit more minor than Vein during PNS glia differentiation. Conversely the defects in the peripheral glia in Spitz mutants could reflect an underlying defect in the sensory neurons. Overactivation of EGFR signals in PNS glia by expression of activated EGFR or activated Ras1 did not significantly alter peripheral glia development. This is possibly caused by mechanisms intrinsic to the EGFR pathway that auto-downregulate EGFR signals, such as EGFR-dependent expression of its negative regulator, Argos Jin et al., 2000) .
The question still remains whether EGFR signaling is necessary for glial survival or simply just for the final differentiation steps. For these studies we were not able to determine whether the peripheral glia undergo apoptosis when EGFR signaling is disrupted because detection of apoptotic cells using terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling or single-stranded DNA detection was inconclusive. In general, the normal complement of five to six peripheral glial nuclei could be seen clustered at the PNS-CNS after repo::rasN17 and repo::EGFR DN expression (Fig. 3, compare A, B) , but given the mosaic nature of GAL4 expression, it was impossible to accurately quantitate any differences in number of peripheral glia. We have shown previously, however, that the numbers of peripheral glia remain constant through embryonic and larval stages (Sepp et al., 2000) (unlike the midline glia, for example), which suggests that cell death is not normally a mechanism to trim down the numbers of "excess" glia in the PNS.
Of interest in these studies were the secondary effects that disrupting the EGF receptor signaling pathway in the peripheral glia had on the development of the sensory neurons. The disruption in sensory neurons ranged from defects in axongenesis and guidance to the reduction in Futsch-positive sensory neurons and cell bodies. These effects were qualitatively similar to those seen when we drove apoptosis in neurons themselves. We have shown in the current study that vein homozygotes have a similar loss of lateral chordotonal neurons as has been reported previously for Egfr, spitz, and pointed mutants (Rutledge et al., 1992; Okabe and Okano, 1997; Rusten et al., 2001) . These defects in the loss-of-function mutants could be caused by the effects of EGF receptor signaling during sensory neuron determination or conversely could reflect the underlying defects in the differentiation of the peripheral glia. In support of this possibility, many of the phenotypes seen in the loss-of-function mutants were the same as when EGF receptor signaling was specifically disrupted in the peripheral glia. Phenotypes such as sensory axon projecting across segment boundaries, sensory axogenesis defects-growth cone stalling, and abnormal separation of axon bundles are associated with aberrant or absent peripheral glial wrapping (Sepp et al., 2001; Sepp and Auld, 2003) . The data show that EGFR signaling is important for sensory neuronal development not only during neurogenesis, but also for the later axogenesis and growth cone pathfinding phase, and that signaling in the peripheral glia plays an important part in sensory neuron development.
EGFR signaling is likely to be only one of numerous means of PNS glia-neuron interaction. Recently, it has been found that Decapentaplegic-and Hedgehog-mediated signals are responsible for neuron-glia interaction in the Drosophila visual system, and nitric oxide signaling mediates neuron-glia interaction in the Manduca olfactory system (Gibson et al., 2001; Rangarajan et al., 2001) . It would be interesting to know whether these mechanisms also have a role in Drosophila PNS development. In conclusion, we have shown that reciprocal interactions between PNS glia and sensory neurons occur during neurodevelopment and that the EGF receptor plays a role in mediating part of these interactions. Our studies mirror those from vertebrates, which have shown that Neuregulins provided by neurons control the development of peripheral glia (Schwann cells) through signaling of the ErbB2 and ErbB3 receptors. In return, Schwann cells provide both neurotrophic factors for neuronal survival and nerve fasciculation (for review, see Garratt et al., 2000) . Because Drosophila genetics has been a very powerful means of characterizing evolutionarily conserved molecules involved in axon guidance, there is great potential for knowledge gained from further studies of neuron-glia interaction studies in Drosophila to transfer to other phyla as well.
